Laser-induced periodic surface structures (LIPSS) have been studied theoretically employing generalized plasmonic modelling on several dielectric materials such as SiO2, Al2O3, ZnO, AlAs and diamond exposed to 800 nm wavelength multi-pulse femtosecond laser irradiation. The study of the optical properties of the materials during laser irradiation reveals a formation of a metallic like pseudo-material on the irradiated layer during excitation. A study of the grating periodicity of the nanostructures shows that the materials having a high refraction index allow LIPSS formation with a wide range of grating periodicities. Results also show High Spatial Frequency LIPSS formation with periodicities 3 to 8 times lower than the laser wavelength.
Introduction
Laser-induced periodic surface structures (LIPSS), also called as nanogratings [1] or nanoripples [2] has become a fascinating phenomenon in laser-matter interaction science. Ultrashort laser pulses on the order of femtosecond duration can alter the morphology of material surface through the LIPSS formation [3] . Depending on the irradiation conditions, two types of LIPSS can be observed. In the first type, Low Spatial Frequency LIPSS (LSFL) with period, between /2 and , where is the wavelength of the incident laser. This type of LIPSS generally occurs at metal surface or semiconductor with a laser fluence near the ablation threshold, where the interference of the electric field of the Surface Plasmon Polariton (SPP) with the incident laser beam leads to a deposition of spatially modulated energy on the material resulting in a nanostructure formation [4] . In the second type of LIPSS, a sub-wavelength periodic nanostructure can be observed at dielectric surface during the irradiation by multi-pulse femtosecond laser below the ablation threshold. This phenomenon is called High Spatial Frequency LIPSS (HSFL), having a period less than /2 [5] . This kind of LIPSS has been shown to improve the optical performance of materials like diamond [6] .
Bonse et al. [4] observed two kinds of LIPSS on titanium (Ti) surface after multi-pulse femtosecond laser irradiation with = 790 nm wavelength; LSFL with period between 510 and 670 nm, which agree with the interference model and HSFL with periods close to /10. Pan et al. [7] studied LIPSS formation on the surface of niobium (Nb). It was reported that as the number of applied pulses increases, the LSFL nanostructure transforms to the HSFL type. Since the HSFL type formation is based on disorder phenomenon, which is a fundamental process for nanoablation [5] , and because the disordering occurs only in materials with an energy band-gap [8] , this type of nanostructure cannot be observed in metals. This HSFL type appears only in dielectrics and semiconductor surfaces during excitation by multipulse fs-laser irradiation [3] . We believe the appearance of HSFL nanostructure on metals such as titanium may be due to the oxidation of the surface during the irradiation, where the superficial layer of titanium or niobium gets oxidized to dielectric forms such as TiO [9] or NbO [10] .
El-Bandrawy et al. [11] studied experimentally the formation of LIPSS on silicon surface during ultrashort laser pulse irradiation with 800 nm wavelength. The results clarified that the interference model is only valid for nanostructure formation of LSFL type which has periods > /2. Therefore, the HSFL nanostructure cannot be explained by an interference phenomenon because its periods are much less than /2. Miyaji et al. [12] showed that a metal-like layer can be formed at the surface of dielectric materials during the irradiation by multi-pulse fslaser due to disordering (non-thermal melting) [8] . Therefore, they have shown that the excitation of SPP is the dominant process for the HSFL type nanograting formation with fs-laser pulses [13] .
In our previous work [5] , we proposed that the origin of the HSFL nanostructure could be due to the combination of non-thermal fusion and plasmonic excitation during multi-pulse fs-laser irradiation. It has been shown that the period of nanogratings depends on the incident laser wavelength [5] . An increasingly wider range of nanostructure periodicity was theoretically predicted as the irradiation wavelength was increased from 200 nm to 900 nm in study of femtosecond laser exposure of gallium nitride (GaN) [14] . In the present work, we study the significant effect of the refractive index on the range of periodicity of the nanostructures. We calculate the HSFL-type nanostructure periodicity observed in various materials based on our generalized plasmonic model [5] . With our model, we can accurately predict the periodicity range of the nanograting from the direct fs-laser writing at any dielectric material surface. We have demonstrated that the nanostructure periodicity range increases with the material refractive index.
Theoretical model
Since a pseudo-metal layer is built on the surface of dielectric materials during the irradiation by multipulse fslaser, a generalized plasmonic model can be used to model the formation of nanostructure between pseudo-metal layers and dielectric surrounding medium in various dielectric materials such as SiO2, Al2O3, ZnO, AlAs and diamond under 800 nm multi-pulse fs-laser irradiation. Air is considered as the dielectric environment.
The surface plasmon polariton (SPP) dispersion relation is given by [15] :
where is the SPP frequency, is the speed of light in vacuum, is the dielectric function of pseudo-metal layer and = 1 + 2 is the plasmon propagation number with the real part ℛ� � = 1 = 2 / = / and the imaginary part � � = 2 , where is the plasmon wavelength and is the period of nanostructures and is the dielectric constant of the surrounding material medium. This dielectric constant is approximated as = bulk + (1 − ) air , where represent the factor of mixed states, depending implicitly on the number of incident laser pulses, which takes the value 0 (air/ pseudo-metal) or 1 ( pseudo-metal/bulk), air = 1 and bulk = 2 is obtained from literature for the various materials at 800 nm wavelength (see Table 1 ) [16] . The dielectric function of the pseudo-metal layer is given by the Drude model [17] :
(2)
where 0 is the electron concentration in the valence band (we consider a value of 10 23 −3 ), the electronelectron collision time (1 fs), ℎ is electron-hole plasma density, is laser frequency and = � ℎ 2 0 * is the plasma frequency, where * is optical effective mass [18] (Table 1) . ). For more details see Ref. [5] . This model was simulated using MATLAB software.
Results and discussion

Optical properties during fs-laser excitation
The fs-laser irradiation of a dielectric material increases the density of free electrons in the conduction band which causes the dielectric constant to become a dielectric function dependent on the electronic excitation density. Figure 1 shows the dielectric function of the materials irradiated by multipulse fs-laser. The dielectric function decreases with increased irradiation (number of pulses). It can be seen that the dielectric function becomes negative when the electron density ℎ exceeds the critical density of the plasmonic excitation at which ℛ ( ) = 0. In this regime, it can be inferred that the femtosecond laser has the capability to form a layer with metallic characteristics during the irradiation. The critical density of plasmonic excitation is given in Table 2 . The decrease of dielectric function affects the optical properties of the irradiated material surface, such as the reflectivity, as shown in Figure 2 
is the real part of the refractive index and = 2 /2 is the absorption coefficient. It can be seen from Figure 2 that the reflectivity increases dramatically with increase in irradiation because the excited electron plasma creates a metal-like material and hence, the surface plasmon can be excited during the irradiation. Note that the reflectivity of material surface with no irradiation shown in Figure 2 matches well with the value from literature given in Table 1 , validating the effectiveness of this model. 
Determination of HSFL grating periods
A polished single crystal optical grade CVD diamond [23] has been irradiated by Light Conversion Pharos amplified femtosecond laser delivering 230 fs pulses at 1030 nm wavelength with a repetition rate of 250 kHz. The laser was incident normal to the target surface and focused with a 0.42 NA (50×) microscope objective, with a spot size of approximately 1.6
. The laser polarization was perpendicular to the scan direction and the experiment was carried out in air. Figure 3 shows scanning electron microscopy (SEM) image taken on the irradiated diamond surface for the selected wavelength under 114 pulses (3.5 mm/s scan speed) and 17 mW of power. We observe a regular nanostructure induced by direct fs-laser writing with period 215 ± 5 nm, about 5 times lower than laser wavelength. Based on the generalized plasmonic model presented above, we can determine the range of grating periodicities of HSFL nanostructures that can be observed during multi-pulse femtosecond laser irradiation on various dielectric materials having different refractive indices. Figure 4 shows the evolution of LIPSS period for various materials during the excitation of electron-hole plasma at two interface; air/pseudo-metal, where the minimal surface plasmonic resonance RP min can be excited since = − air ( = 0) ; and pseudo-metal/bulk, where the maximal surface plasmonic resonance RP max to be excited since = − ( = 1). At minimal plasmonic resonance, the First Ordered Nanostructure (FON) with period FON can be constructed at the surface. When the excited electron density increases, the period of nanostructure decreases and the Last Ordered Nanostructure (LON) with period Λ LON appear, owing to intense evanescent wave due to increase in plasmonic frequency.
The data shown in the Table 3 are derived from the Figure 4 where FON and LON correspond to RP min and RP max respectively. Based on the data in Table 3 , we can obtain Figure 5 , which shows the range of grating periodicities Λ, of HSFL type nanostructures that can be observed by direct femtosecond laser writing in different materials. We can notice that the range of grating periodicities increases when the refractive index increases. At the same laser wavelength, aluminum arsenide (AlAs) shows a large window of 280.5 nm which allows the experimentalist to observe nanostructures with periods between 116.3 and 396.8 nm, whereas in silica, there is a narrow window of 138.9 nm. It can also be observed that the first ordered nanostructure (FON) is slightly less than /2 and almost constant for all materials. On the other side, the period of (LON) is approximately /3 for low refractive index materials like silica (SiO2) awhile is on the order of /8 for high refractive index materials like aluminum arsenide (AlAs). 
Conclusions
The generalized plasmonic modelling has been used to study the formation HSFL-type nanostructures on the surface of dielectric materials irradiated by femtosecond laser at 800 nm wavelength. The study performed on the optical properties such as the dielectric function and the reflectivity of the dielectric materials reveal the metallic like characteristics on the surface, because of the intense electronic excitation during the irradiation. The range of HSFL nanostructure grating periodicity on various dielectric materials was also determined and it can be concluded that this range is broad for materials having a high refractive index. The modelling will also allow the study of nano-grating formation in black diamond with applications in solar cell micro devices.
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